Objective-Prediabetic states are associated with accelerated atherosclerosis, but the availability of mouse models to study connections between these diseases has been limited. The aim of this study was to test the selective role of impaired insulin receptor/insulin receptor substrate-1 signaling on atherogenesis. Methods and Results-To address the effects of impaired insulin signaling associated with hyperinsulinemia on atherosclerosis in the absence of obesity and hyperglycemia, we generated insulin receptor (Insr)/insulin receptor substrate-1 (Insr1) double heterozygous apolipoprotein (Apoe)-knockout mice (Insr
C ardiovascular disease due to accelerated atherosclerosis is widely recognized as the most common cause of mortality in diabetic patients worldwide. 1 Atherosclerosis is a multi-factorial inflammatory disease of large and mediumsized arteries that is characterized by the formation of atherosclerotic lesions which can result in acute arterial thrombosis and ischemic injury of the dependent vascular bed. 2 A growing body of evidence suggests a significant correlation between type 2 diabetes, the metabolic syndrome 3 and atherosclerosis, but the molecular and pathophysiological links between these diseases are unclear. One of the approaches that has been taken to develop a model of the metabolic syndrome-accelerated atherosclerosis is to use atherogenic or diabetogenic diets in mice and then characterize influences of the different parameters of the metabolic syndrome on atherogenesis. 4 However, concomitant elevated plasma lipid levels, hyperglycemia or obesity have complicated the interpretation of the results in these models. 5 The role of insulin and insulin receptor (IR) signaling in the development and progression of atherosclerosis has been controversial 6 ; however, recent data highlighted an atheroprotective role of IR signaling in macrophages via the reduction of ER stress-induced apoptosis. 7 Additional studies with endothelial cell-specific conditional knockout mice of the IR gene (Insr) in apolipoprotein-E-deficient mice (Apoe Ϫ/Ϫ ) mice revealed that complete loss of insulin signaling in endothelium accelerated atherosclerosis, suggesting an important role of insulin signaling in atherogenesis. 8 The major intracellular substrates of the IR tyrosine kinase are IR substrates (Irs)-1 and -2. 9, 10 Alterations in the expression levels of the IR and IRS-1 have been reported in the onset of type 2 diabetes in animal models 11 and humans with type 2 diabetes. 12 Importantly, patients with impaired insulin signaling and associated metabolic syndrome begin to develop coronary artery disease before the onset of type 2 diabetes. 13 To investigate the mechanisms of accelerated atherosclerosis under conditions of partially defective insulin signaling, we have chosen to use mice that are heterozygous for IR and IRS-1. Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice represent a polygenic model with a combination of 2 minor defects in the insulin signaling cascade that act synergistically to result in type 2 diabetes when used on a diabetogenic background such as C57BL/6. 14 The human IRS1 gene is highly polymorphic and shows coding sequence variations in 10% to 20% of patients with type 2 diabetes. 12, 15 Importantly, partial defects in insulin signaling in Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice are comparable to what is seen in tissues of obese insulin-resistant 16 and diabetic patients. [17] [18] [19] Heterozygosity in Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice results in the synergistic decrease of insulin signaling in skeletal muscle and liver by 60% compared to control mice, leads to a 60% to 70% reduction of insulinstimulated tyrosine phosphorylation of IR and IRS-1, and reduced phosphorylation of IRS-2 in liver. 14 Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice on a C57BL/6 background showed hyperinsulinemia, islet hyperplasia, and developed early hyperglycemia, with 85% of all mice becoming overtly diabetic after 6 months. 14, 20 To determine the effect of impaired insulin signaling on atherogenesis, we generated double heterozygous Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. Plasma levels of total cholesterol, LDL, and HDL cholesterol and fasted glucose were not different between Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and littermate (Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ ) controls. Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice fed a WD developed accelerated atherosclerosis throughout the aortas (females) or within the brachiocephalic artery (males) when compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice. Bone marrow transfer experiments highlighted an important role of nonhematopoietic cells in accelerated atherosclerosis. Reduced insulin signaling in aortas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice resulted in attenuated levels of p-eNOS, reduced endothelium-dependent vasorelaxation, and elevated levels of p-ERK with concomitant increased proliferation and migration of vascular smooth muscle cells (VSMCs). Taken together, these results demonstrate that selective inhibition of the insulin signaling pathway due to reduced IR/IRS1 expression resulted in accelerated atherosclerosis. Figure 1A ). We also detected a significant increase in insulin levels in fed Figure 1A) . Thus, the absence of one copy of the Insr and Irs1 genes in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice on WD leads to hyperinsulinemia that is not associated with increased serum lipid levels when compared to normoinsulinemic Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice.
Materials and Methods

Mice
Interestingly, fed and fasting glucose levels were similar between the groups (Table) . Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice were less glucose-tolerant than Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice, as assessed by an intraperitoneal glucose tolerance test ( Figure 1B) . Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and controls had similar IP insulin tolerance tests at 23 weeks of age (data not shown). We next calculated the fasting glucose to insulin ratio that reflects insulin resistance under physiological conditions. Decreased glucose to A, Blood insulin concentrations were determined in randomly fed and fasting mice of the indicated genotype using samples that were obtained from tail blood. Data represent the meanϮSE for 7 to 13 mice for each genotype. *PϽ0.05, **PϽ0.01. B, Glucose tolerance tests. Mice (5-8 male and female mice for each genotype) were fasted overnight (16 hours) before the test. Glucose was injected IP (2g/kg) and blood samples were taken before and at 10, 20, 30, 60, 90, and 120 minutes after the injection of glucose. Blood glucose values (meanϮSE) were plotted vs. time. Two-way ANOVA showed statistically significant differences between the 2 genotypes for female and male mice (PϽ0.05). C, Glucose/insulin ratio was calculated using fasting insulin and glucose levels. Each symbol represents one animal, horizontal bars represent means. **PϽ0.01. D, E, Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice typically had larger pancreatic islets. D, Representative examples of islets stained for insulin (brown) were taken from pancreatic tissue. E, Islet area was calculated as fraction of total area each pancreatic section (nϭ7). **PϽ0.01.
insulin ratio in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice clearly indicated that both female and male Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice were more insulin-resistant than the control groups ( Figure 1C ). Interestingly, unlike Insr ϩ/Ϫ Irs1 ϩ/Ϫ C57BL/6 mice, Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice did not develop type 2 diabetes with age or after a longer period of WD feeding and maintained normal blood glucose levels (data not shown).
Insr ؉/؊ Irs1 ؉/؊ Apoe ؊/؊ Mice Demonstrate Pancreatic Islet Hyperplasia
To test whether hyperinsulinemia was accompanied by an increase in islet size, pancreatic sections from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice were analyzed by immunohistochemisty using an anti-insulin Ab. The islet size was increased 2-to 3-fold in both female and male Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ as compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice ( Figure 1D ), indicating that Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice actively compensate for insulin resistance by increasing ␤ cell mass ( Figure 1E ). This may explain the ability of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice to control their blood glucose levels after prolonged high-fat feeding.
Increased Development of Atherosclerosis in
To investigate the influence of impaired IR/IRS-1 signaling and associated hyperinsulinemia on atherosclerosis, we performed en face staining of the aortas. Female Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice showed a doubling of the area occupied by lesions throughout the aortas in comparison to female Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice (13.9Ϯ2.4% versus 7.0Ϯ1.0%, respectively) (Figure 2A sectional lesion area (11.8Ϯ2.4 versus 8.4Ϯ1.0ϫ10 4 m 2 , Pϭ0.09 respectively). Taken together, these data demonstrate that impaired IR/IRS1 signaling associated with hyperinsulinemia induces accelerated atherosclerosis in male (brachiocephalic area) and female Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice (throughout the aortas), and these changes occurred without hyperglycemia or differences in circulating lipid levels.
Macrophages in Insr
To further analyze the roles of different cell types in increased atherosclerosis observed in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice, we first examined the phenotype of bone-marrow-derived macrophages in this model. There is some evidence that defective insulin signaling in macrophages could lead to a proinflammatory, lipid-laden macrophage phenotype that promotes atherogenesis. 21 We therefore performed cholesterol efflux assays to measure the ability of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ macrophages to efflux cholesterol to HDL and to apolipoprotein A-I. The efflux of cholesterol to both HDL ( Figure 3A ) and apolipoprotein A-I (data not shown) was similar between Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ macrophages. There was also no significant difference in the survival of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ macrophages in response to acLDL-treatment (Figure 3B) . Taken together, these results suggest that the presence of 1 allele of Insr and Irs1 is sufficient to protect macrophages from the proatherogenic phenotype observed in Irs1-deficient macrophages. 7 Next, to examine effects of impaired insulin signaling on macrophage content in atherosclerosis-prone vessels, serial sections of brachiocephalic arteries from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and control Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ male mice were stained for Mac-2 ( Figure 3C ), and the chemokines CXCL1 and CCL2. To account for the difference in the lesion size of the analyzed plaques, we calculated the ratio of the positively stained area of the lesion to the total plaque area and expressed the results as a percentage. We found no difference in the Mac-2 ϩ area in the brachiocephalic artery (6.7Ϯ2.1% versus 10.4Ϯ2.2% for Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice, respectively). There were also no significant differences in the expression of CXCL1 and CCL2 between Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs ϩ/ϩ Apoe Ϫ/Ϫ mice (data not shown).
Bone Marrow Chimeras
To further investigate whether the expression level of IR and IRS-1 on macrophages and other bone-marrow-derived cells was important in the development of accelerated atherosclerosis in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice, bone marrow (BM) cells isolated from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice, were injected IV into lethally irradiated Apoe Ϫ/Ϫ mice. Mice were placed on WD 5 weeks after BM transfer. After 15 weeks on WD, we found no difference in body weight, plasma insulin, and blood glucose levels between mice transplanted with Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ or Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ BM cells ( Supplemental Table) . Although Apoe Ϫ/Ϫ mice that received Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ BM cells showed no elevated levels of insulin or glucose, we nevertheless analyzed atherosclerosis in those recipients to dissect a potential role of partially insulin-signaling deficient BM cells in atherosclerosis. There was no difference in lesion size throughout the aortas between the animals receiving Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ or Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ BM cells ( Figure 3D, 3E ). We also analyzed the plaque burden within the brachiocephalic arteries of BM-transplanted Apoe Ϫ/Ϫ mice. We found no statistically significant difference between recipient mice that received Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ or Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ BM cells (data not shown). Together, these results suggest that nonhematopoietic cells are at least partially responsible for accelerated atherosclerosis in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. Hematopoetic chimerism in peripheral blood cells was on average 77%, indicating substantial repopulation of BM-derived cells by donor tissue ( Figure 3E ). Although recipient female mice showed a slightly lower percentage of chimerism, the analysis of chimerism in individual mice showed no correlation between the levels of chimerism and percentage of plaque area (data not shown).
Reduced IR/IRS-1 Expression Results in Altered ERK/eNOS Signaling and Impaired Endothelium-Dependent Vasorelaxation in the Aortas of Insr ؉/؊ Irs1 ؉/؊ Apoe ؊/؊ Mice
The initial study that characterized insulin signaling in Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice demonstrated that heterozygosity for Insr and Irs1 genes caused reduced IR and IRS-1 protein expression in proportion to gene dosage in Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice. 14 To confirm a proportional decrease of heterozygous genes in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice, we examined the expression of IR in aortas isolated from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice by Western blot analysis. As expected, we found that the heterozygosity for Insr gene resulted in a Ϸ50% reduction in IR and p-IR protein expression in aortas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice (Supplemental Figure II) .
To determine how reduced IR/IRS-1 levels affect insulin signaling and vascular functions, we first focused on the expression of antiatherogenic endothelial nitric oxide (NO) synthase (eNOS) 22, 23 that plays an essential role in NO production and vasodilation. The p-eNOS/eNOS ratio was reduced in aortic homogenates obtained from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice under basal, unstimulated conditions compared with the p-eNOS/eNOS ratio from Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice ( Figure 4A ). Importantly, insulin stimulation increases eNOS phosphorylation in Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ , but not significantly in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice.
We next focused on the MAP/ERK1/2 pathway that plays an important role in the inhibition of eNOS phosphorylation. 6 Although basal ratios of p-ERK/ERK were reduced in the aortas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice, insulin stimulation resulted in significantly increased pERK/ERK ratio of insulin-stimulated pERKs in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ aortas compared with Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ aortas ( Figure 4B) .
To investigate the impact of impaired insulin signaling on aortic relaxation in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice, vasodilation in response to the endothelium-dependent mediator acetylcholine (Ach) and the endothelium-independent dilator sodium nitroprusside was measured in aortic rings preconstricted with phenylephrine. Aortic rings from the thoracic aortas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ of female and male mice showed attenuated vasodilation in response to Ach compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice ( Figure 4C) . Importantly, the average Ach ED50 in heterozygous aortas was significantly higher compared to controls, indicating reduced sensitivity to acetylcholine-induced vasorelaxation. ( Figure 4E ) In contrast, there was no significant alteration in VSMC vasorelaxation in the response to sodium nitroprusside ( Figure 4D) .
To further assess endothelial status in aortas, we examined VCAM-1 expression within the brachiocephalic arteries from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice. The immunostaining revealed strong expression of VCAM-1 within the VSMCs, media, intima, and occasionally within the core of the lesions in the Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice ( Figure 4F ). When VCAM-1 expression was visualized in the same areas of the brachiocephalic arteries in Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice (Figure 4F ), the percentage of the VCAM-1positive area was significantly higher in the brachiocephalic arteries of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ control mice ( Figure 4F ).
Reduced Expression of IR and IRS-1 Resulted in the Activation of Aortic Vascular Cells
Having identified an important role of IR/IRS-1-dependent insulin signaling in the regulation of the AKT/eNOS and ERK pathways, we next sought to determine whether increased phosphorylation of ERK in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ cells is also accompanied by vascular activation, in particularly proliferation and migration of VSMCs. VSMCs were isolated from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ aortas and labeled with CFSE for the detection of proliferating cells. We detected increased proliferation of CFSE-labeled Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ VSMCs compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ VSMCs in response to cell growth media ( Figure 5A and B) . Interestingly, we detected no difference in platelet-derived growth factor (PDGF)-induced migration but noticed a decrease in fetal bovine serum (FBS)-dependent migration of VSMCs isolated from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ aortas compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ isolated VSMCs ( Figure 5C ), suggesting that FBS-derived factors other than PDGF affect migration of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ VSMCs. To examine the arterial content of VSMCs in vivo, serial sections of brachiocephalic arteries from male and female Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice were stained with antibodies against smooth muscle cell ␣-actin ( Figure 5D ). The VSMCpositive area was significantly increased in the atherosclerosis-prone areas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ brachiocephalic arteries (Figure 5D, E) .
To further define the phenotype of atherosclerotic plaques, we performed Sirius Red staining to examine maturation of collagen. Age-matched 21-week-old Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice had increased plaque burden compared to littermate controls, but collagen maturation in brachiocephalic arteries from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice was decreased compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice ( Figure 5D and 5E) . These results suggest that impaired insulin signaling activates vas-cular aortic wall and decreases the presence of mature collagen fibers in atherosclerotic plaques.
Discussion
Epidemiological evidence shows a strong association between states of insulin resistance and coronary artery disease, peripheral artery disease and cerebrovascular dysfunction. 24 Our study clearly demonstrates that partial deficiency of IR and IRS-1 already results in the development of accelerated atherosclerosis and highlights an important role of insulin signaling in vascular cells even in the setting of globally attenuated IR/IRS-1 expression.
To investigate the impact of impaired insulin signaling on atherosclerosis development, we generated Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice developed clear hyperinsulinemia but had similar levels of total cholesterol, triglycerides, LDL, HDL, and glucose compared to Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ mice. It is interesting that despite higher insulin levels, Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice were able to keep triglycerides and cholesterol at the same levels as control mice. Perhaps more subtle qualitative changes in the composition of VLDL, LDL, or HDL, such as changes in the free fatty acid composition or proteomic composition of these particles might exist in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. The majority of Insr ϩ/Ϫ Irs1 ϩ/Ϫ mice on the C57BL/6 background developed diabetes at 6 months of age. 14, 25 Intriguingly, Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice remained nondiabetic, suggesting an ameliorating effect on glucose homeostasis by the combined lack of Apoe and partial IR/IRS-1 deficiency. This is supported by recent data that ApoE deficiency abrogates the insulin resistance and improves blood glucose in a mouse model of type 2 diabetes (MKR/Apoe Ϫ/Ϫ mice) via reduced triacylglycerol content in liver and reduced fat accumulation in liver and adipose tissues. 26 Interestingly, Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice developed marked ␤ cell hyperplasia. The mechanisms of relative protection of ␤ cells and functions of the liver and adipose tissue in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice remain unclear.
Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice showed more prevalent atherosclerosis in the brachiocephalic artery, whereas female Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice developed larger atherosclerosis throughout the aortas after 15 weeks WD feeding. Lesion distribution throughout the aorta in both Ldlr Ϫ/Ϫ and Apoe Ϫ/Ϫ mice is known to show gender-dependent differences. 27 The influence of gender on atherosclerosis is complex and involves hormonespecific and immune-specific responses in males and females. 27 More detailed analysis of the immune cell composition within the aortas may aid in understanding this phenomenon. Cardiovascular disease remains a major unresolved issue for women, 28 and female patients with diabetes and atherosclerosis have significantly worse outcomes, possibly reflecting more extensive diffuse atherosclerotic burden, consistent with what we observed in this study. 29 In a previous study, Ldlr Ϫ/Ϫ mice synthesizing only apoB100 were crossed with transgenic mice overexpressing insulin-like growth factor-II. 30 Insulin-like growth factor-II/Ldlr Ϫ/Ϫ ApoB 100/100 mice demonstrated insulin resistance, hyperglycemia, mild hyperinsulinemia, and concomitant increase in lesion calcification within advanced lesions. This is the first model that mimics accelerated atherosclerosis in a type 2 diabetes-like background without lipid changes. The Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mouse model described here shows that insulin resistance promotes atherosclerosis even in the "prediabetic" state.
There is a growing body of evidence demonstrating altered functions of macrophages at the onset of type 2 diabetes. 21 Insr Ϫ/Ϫ macrophages have impaired cholesterol efflux, are prone to cholesterol-induced apoptosis, and induce more complex advanced necrotic lesions. 7 Macrophages from Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice show no alterations in cholesterol efflux to HDL or survival in the presence of oxLDL, indicating that macrophages with partial deficiency in Insr/ Irs1 are less affected than Insr Ϫ/Ϫ macrophages. Further studies will be needed to investigate possible variations in insulin signaling cascade that might lead to different macrophage phenotypes in those models.
One of the early events in atherogenesis appears to be an induction of vascular dysfunction and the activation of aortic vasculature that lead to platelet aggregation and leukocyte adhesion. 2 IR deficiency in vascular endothelial cells increases atherosclerosis development in Apoe Ϫ/Ϫ mice via the impairment of endothelium-dependent vasodilation, induction of VCAM-1, and elevated leukocyte adhesion to endothelium. 8 Our BM transplantation experiments support this motion and indicate that nonhematopoietic cells play an essential role in the induction of accelerated atherosclerosis in Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice.
Interactions of insulin with IRs activates phosphatidylinositol 3-kinase (PI[3]K)/AKT signaling cascade and subsequently results in the induction of the active eNOS that plays an atheroprotective role. 31 Insulin also activates the mitogenic MAP kinase-dependent pathway that participates in cell growth and migration. Our study conclusively demonstrates the essential role of insulin signaling in the maintenance of the fine balance between the PI(3)K/eNOS and MAP/ERK1/2 pathways. To test whether partially deficient insulin signaling results in endothelial dysfunction, we investigated endothelium-dependent vasorelaxation of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ aortic rings and found that attenuated expression of IR and IRS-1 significantly decreased endothelial-dependent vasorelaxation reflecting diminished eNOS activity and NO production. NO has several antiatherogenic activities, 32 including attenuation of leukocyte-endothelial cell interactions via the regulation of adhesion molecule expression. Indeed, as a confirmation of attenuated p-eNOS/eNOs activities, the expression of 1 of the key leukocyte adhesion molecules, VCAM-1, was also increased in brachiocephalic arteries of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. Consistent with this data, Madonna et al recently demonstrated that prolonged exposure of human umbilical vein endothelial cells to high insulin concentrations, similar as seen in diabetic patients, downregulates the PI(3)K/eNOS pathway and upregulates VCAM-1 expression in vitro. 33 Partial inactivation of Irs2 in Apoe Ϫ/Ϫ mice results in accelerated atherosclerosis via increased modified LDL uptake in macrophages, diminished aortic AKT2, and Ras expression and enhanced CCL2 expression. 34 Our results show that partial deficiency in IR/IRS-1 leads to aortic vascular dysfunction and accelerated atherosclerosis with a dominant role of nonhematopoietic cells in these processes. Thus, even partial deficiency in insulin signaling is sufficient to promote accelerated atherosclerosis under dyslipidemic conditions. Insulin signaling in VSMCs initiates important cellular events such as proliferation and migration. Insulin-stimulated VSMC mitogenesis is mainly controlled through the MAPK pathway; however, the PI(3)K/AKT pathway also contributes to maintaining VSMC quiescence. 35 Partial deficiency in IR/IRS-1 signaling induced elevated levels of pERK1/2, concomitant proliferation of VSMCs isolated from the aortas of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice and a significant increase in the numbers of VSMCs within the brachiocephalic arteries of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ mice. Recently, it has been reported that deficiency in AKT-1 reduces PDGF-and FBS-induced VSMC migration and survival. 36 Interestingly, we detected no difference in migration between Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ and Insr ϩ/ϩ Irs1 ϩ/ϩ Apoe Ϫ/Ϫ VSMCS toward PDGF but found reduced migration of Insr ϩ/Ϫ Irs1 ϩ/Ϫ Apoe Ϫ/Ϫ toward FBS suggesting attenuated migration of VMSCs to other FBS-derived chemotactic factors rather than PDGF.
In conclusion, these results suggest that impaired IR/IRS-1 signaling provokes accelerated atherogenesis via increased vascular dysfunction. Thus, impaired insulin signaling observed in patients with metabolic syndrome and type 2 diabetes might be an important component in the mechanism that increases the relative risk of cardiovascular diseases in these patients.
